Operating speed is a critical indicator for road alignment consistency design and safety evaluation. Although extensive studies have been conducted on operating speed prediction, few models can finish practical continuous prediction at each point along alignment on multilane highways. This study proposes a novel method to estimate the operating speed for multilane highways in China from the aspect of the three-dimensional alignment combination. Operating speed data collected in field experiments on 304 different alignment combination sections are detected by means of Global Positioning System. First, the alignment comprehensive index (ACI) is designed and introduced to describe the function accounting for alignment continuity and driving safety. The variables used in ACI include horizontal curve radius, change rate of curvature, deflection angle of curve, grade, and lane width. Second, the influence range of front and rear alignment on speed is determined on the basis of drivers' fixation range and dynamical properties of vehicles. Furthermore, a prediction model based on exponential relationships between road alignment and speeds is designed to predict the speed of passenger cars and trucks. Finally, three common criteria are utilized to evaluate the effectiveness of the prediction models. The results indicate that the prediction models outperform the other two operating speed models for their higher prediction accuracy.
Introduction
Human-orient and safety supremacy are currently the new guidance during the period of highway construction. The traditional design speed-based alignment design approach usually only specifies the minimum value of one isolated alignment element. This designing method is prone to be inconsistent with successive elements of a road. Large amount of practical studies highlights the fact that inconsistent alignment might cause a sudden change in the characteristics of the roadway, which would lead to critical driving errors and crash risks [1, 2] . A consistent alignment design is required to meet drivers' expectations and promotes harmonious driving behaviors. Since a number of experimental surveys state that the actual speeds adopted by drivers are considerably higher than those used to determine road design standards [3, 4] , several countries recommend the analysis of the design consistency or safety evaluation in order to check excessive differences of operating speed on successive elements along the road [5] [6] [7] . It is noticed that the operating speed profile is the most useful tool to achieve this goal [7] . For example, Interactive Highway Safety Design Model (IHSDM) developed by the US Federal Highway Administration is wildly used for comprehensive safety assessment [8] . The current version of IHSDM checks the operating speed profile against two consistency criteria. Operating speed is an expressive parameter of driver's behavior influenced by multiple factors, such as alignment, vehicle dynamical properties, traffic flow composition, traffic management and control measures, climate, and sight distance. The 85th percentile of the free-flow speed distribution is commonly used to represent operating speed for design consistency evaluation [1, 8] .
There are extensive literatures on operating speed prediction models in which the variables and the model constructions vary considerably. Most models focus on horizontal 2 Journal of Advanced Transportation curve by assuming constant speed on curves and therefore deceleration and acceleration that occur entirely on the approach tangent and on the departure tangent [3] . Lamm et al. [9] considered the curve radius to be the most significant indicator in determining the operating speed and used it as the dominant independent variable to predict operating speed on horizontal curves. They also established a process and a classification system to evaluate horizontal design consistency. Islam and Seneviratne [10] reported the differences on feature points of alignment and established the operating speed regression model on three sites of curve. McFadden and Elefteriadou [11] combined the degree of curvature, length of curve, deflection angle, and the speed on approach tangent to make a regression analysis. Krammes et al. [12] developed an operating speed prediction model in which all the variables are related to the geometry characteristics of the curve to evaluate horizontal alignment consistency based on data collected from 138 curves. Bucchi et al. [13] conducted the estimation of operating speed on large grade sections and sharp curve with radius from 25 m to 170 m for the rural road. Some similar speed profile models mostly used curve radius (radius or degree of curvature) as the predictor [11, [14] [15] [16] [17] .
Meanwhile, previous works introduced the vertical alignment influences on operating speed [18] . Jessen et al. [19] studied the potential influences of mileage, grade of vertical curve, crash barrier, intersection, lane width, and volume on operating speed by collecting the car data on 70 vertical curves. Fambro et al. [20] presented that the sight distance was constrained by the vertical curvature which consequently determined the operating speed. Moreover, vertical grade, vertical curve type, and rate of vertical curvature were considered in the prediction models. The methodology in the IHSDM adopted these equations [8] . Gibreel et al. [21] investigated the operating data on three-dimensional alignments involving sag and crest vertical curves in Ontario and set up the reliable operating speed prediction models for two-lane highways. In addition, other models using statistical methods including simple linear regression, multiple linear regressions, and nonlinear regression were built up on the basis of analysis between alignment variables and operating speed [22] [23] [24] . By contrast, Brazil model [25] was put forward according to the mechanical properties and driving behaviors. This model also presented the clear explanation for the restriction factors to improve the accuracy of prediction. Moreover, artificial neural network and simulation technique were introduced to estimate operating speed [26, 27] .
Numerous studies have been completed for passenger car operating speed prediction and design consistency on rural two-lane highways [13, 16] . Relatively few researches, however, are conducted for trucks on multilane highways [28, 29] . J. E. Leisch and J. P. Leisch [30] found that an increase in vertical grade or length of vertical curve had much significant influence on truck speed than car speed. They also suggested that the speed profile models for trucks can be constructed by considering both horizontal and vertical alignments. In this regard, another concern has to be stressed. Most of the existing two-dimensional (2D) models which only considered horizontal and vertical curve have much lower values of coefficient of determination due to the cross section missed in the model [6, 12, 17] . Gibreel et al. [21] proposed that the maximum differences between the predicted and the observed speed using three-dimensional (3D) model and 2D model on some sites reached 35%. In addition, most existing models are based on spot speed data collected by measuring the individual speeds of a sample of the vehicles passing a given spot [31] . They assumed that constant speed occurs on curves and therefore deceleration and acceleration entirely occur on the approach tangent and on the departure tangent. With these assumptions, spot speed data are collected at the center of the horizontal curve and at the midpoint of the preceding tangent. However, the maximum and minimum speeds may not occur, respectively, at the center of tangents and curves. Since the speed data are not collected at the beginning and the ending deceleration or acceleration points, these models do not accurately represent drivers' behavior. Therefore, previous works mainly calculated the speed of the feature points (i.e., the midpoint of horizontal curve or preceding tangent) of alignment using spot speed data which is usually accompanied by human error and cosine error [10] . In fact, the analysis of an individual point may blur the change pattern of operating speed and disregard the continuity of speed variation. On the basis of the overall state of the art, few of them can conduct the operating speed at each point along the road [16, 20] .
In terms of limitations in aforementioned methods, it is challenging to design different approaches to explore a comprehensive representation of the operating speed. The report E-C151 of the Transportation Research Board [32] , a thorough review of the operating speed all over the world which also underlined the requirements for novel speed models for different countries because speed behavior was influenced by multiple factors, significantly differs among regions. Recently, limited studies on continuous operating speed prediction were developed through relationships analysis between speed at all points and geometry alignment [31, [33] [34] [35] . These models provided a potential for a more accurate investigation of driver's behavior.
The main objective of the research in this paper is to propose a continuous operating speed prediction model for passenger cars and trucks on multilane highways. This new methodology, for the first time, formulates a threedimensional alignment comprehensive index (ACI) combined with driver's visual characteristics and vehicle dynamic properties to achieve higher accurate and reliable speed estimation at each point along the roadway. This could be useful for researchers to evaluate alignment design consistency and determine alignment features.
Methodology

Basic Hypotheses.
Operating speed is affected by multiple factors. How to find the key information from complex influence factors is critical for accurate prediction. Based on the analysis of the relation among operating speed, alignment, and other influence factors, the basic hypotheses are summarized as follows:
A Operating speed varies with the change of road condition along the driving direction. B The comprehensive influence of alignment on operating speed is not only mutually independent, but also not equivalent to a simple linear overlay. As a quantitative indicator to characterize horizontal, vertical, and cross section alignment, the road alignment comprehensive index is related to the speed variation. C Operating speed on a certain section is related to alignment features on this section and also affected by the range of a certain length of alignment between rear segment and front segment.
These three assumptions which focus on the influences of front and rear alignment on operating speed are in line with the general driving rules of vehicles run on highway. Meanwhile, the continuity of operating speed in space is also taken into account. It is indicated that one point corresponds to a unique value of which describes the comprehensive geometry features of various indices on each point and also reflects the amount of the information perceived by drivers. According to the influence of alignment on the driving safety, the consistent relationship between alignment and is represented as a smaller value of contributes to better alignment. In other words, the alignment corresponding to a smaller will be more benefit for driving.
Three-Dimensional
The key idea of method lies in setting up the horizontal, vertical, and cross section alignment model, respectively, and then integrating them into the ACI description model. According to the definition of ACI and the works in [31] , the most significant independent variables influencing the operating speed and corresponding to each point have been taken into account.
Horizontal Alignment Description
Model. Three variables including radius, change rate of curvature, and deflection angle of curve are considered in the horizontal alignment description model. Generally, these three variables can represent lateral force, rotation rate of the steering wheel, and deflection angle of driver's vision. When vehicles travel on a horizontal curve with greater curvature, the worse lateral stability may be generated due to the larger centrifugal [36] . The mutations of curvature are prone to driving risk even crashes. Thus, the consistent relationship between curvature and can be determined as the larger the curvature, the smaller . Similarly, the more rapidly the curvature changes on a spiral curve, the greater the impact on the driver is because of the workload on adjusting the steering wheels and ultimately the greater likelihood of danger. Generally, drivers need to shift their eyes or turn their heads to focus on a front point as the trajectory changes. A sharp change of deflection angel of curve would aggravate range of driver's vision. This is also harmful for safe driving. Therefore, increases as these two variables become larger.
The relationship between each individual indices and the intermediary variable is applied to transform and unify the change laws of each index and the comprehensive index. The vertical and cross section correction model also use the same research ideas, in which speed is often taken as the intermediary variable.
In some traditional regression models, the speed at a given radius is formulated as an ordinary linear model ( = − / ) or power model ( = ). Combining with the test data, the relation between operating speed and radius are analyzed by using these two forms function firstly. It can be concluded that power model has limitation with radius less than 250 m. The variation is too slight to reflect the influence of radius on operating speed. However, it is apparently rare for highways with radius less than 250 m. On the contrary, the speed variation in linear model is too strong and even negative value occurs with the radius less than 700 m. However, this is a frequent occurrence that the radius of horizontal curve is less than 700 m. Thus, power function is adopted to demonstrate the relation between and radius. Moreover, exponential model [9, 11, 12] is widely used to predict the variation of operating speed with change rate of curvature and deflection angle of curve. Based on above analyzes of each indicator, these models can be generalized as (1) by using a multiple exponential with linearized function to form the horizontal ACI ( ) model:
where is curvature; CCR represents change rate of curvature; DF denotes deflection angle of curve; , , 1 , and 1 are parameters.
Vertical Alignment Description Model.
In the vertical alignment description model, grade is considered as the main variable. It can be concluded that the driving safety would become worse as the grade increases no matter on downhill or uphill due to the insufficient sighting distance or speeding.
From the point of the definition of the consistent relationship between and alignment index, increases with the increase of grade. Although the variation of with grade is easy to know, the quantitative relation still remains unclear. That is, the intermediary variable, speed with the absolute value of grade, has a distinct trend. According to the initial data analysis, speed decreases as grade varies from downhill to uphill. So the correlation between grade and the vertical ACI ( ) is firstly expressed as linear regression is analyzed [20] . However, in fact, speed varies slightly when the grade ranges between −2% and 2%, whereas the grade is greater than 3% or less than −3%, and the variation of speed increases with nonlinear function. Moreover, for the positive and negative grade, the corresponding has a different value range.
Consequently, the vertical ACI model (see (2)) is developed based on the improvements of the linear regression equation:
where is grade; 2 , 2 , and 2 are parameters.
Cross Section Alignment Correction Model.
In the cross section alignment model, the five independent variables are utilized in model, including lane width, lane number, widths of right and left shoulder, and the adjustment coefficient which represents the variation of pavement width because of the transition from common road to bridge or tunnel. Generally, the interaction between adjacent vehicles along the driving direction is smaller on the wider roadway. Such driving environment also offers greater driving convenience and freedom due to a wider vision field. It indicates that wider roadway is more favorable to the traffic. In other words, decreases with the increase of lane width, lane number, and the left and right shoulder width. However, operating speed increases as the width of pavement becomes large. In the findings of Harwood et al. [37] , the regression relationship between speed reduction and cross section is presented. It also suggests cumulative effects on the speed due to variations in lane and shoulder width [17] . For example, for a given cross section composed by a lane width smaller than 3.6 m and a shoulder width smaller than 1.8 m, the reduction in speed is the sum of the individual effects caused by each variable. On the basis of field investigation, the cross section ACI ( ) model is set up in terms of the width standard of eight-lane highway and the reduction percentage of speed related to cross section width as
where , 3 , 3 , and 3 are the parameters; is the adjustment coefficient of the bridge and tunnel; is the total width of single carriageway section; is the width of a single lane; 3 is the number of lanes; 1 and 2 are the widths of the left and right road shoulders.
Model Integration.
A horizontal alignment in a roadway refers to the alignment or how "straight" the roadway section is. A vertical alignment refers to a roadway's change in elevation or the "flatness" of the roadway. With respect to the road information perceived by drivers, it is not only related to alignment itself but also involved operating speed. In this paper, the challenge is how to quantify the road alignment information and integrate the horizontal, vertical, and cross section alignment ACI into a 3D ACI description model serving for the operating speed prediction. Because people's perception to the distance, shape, and speed of the objects in real space depends on continuous learning and experience [20] , it is really difficult to achieve effective identification performance. Currently, the perspective images are generally used to depict the road section from high view (bird's eye view). However, the analysis of these images is qualitative and subjective [38] .
It is worth mentioning that tangent is a radial ray expanded from a vanishing point in the fields of vision of drivers [39] . Tangent is the most recognizable shape for drivers, and the understanding of other alignment is usually acquired based on the comparison with tangent. Drivers could firstly predict the consistency between the front and the current horizontal alignment, focusing primarily on the operating speed rather than on the direction. Through a change of sight distance, drivers can attain information about vertical alignment. Given the fact that the cross section alignment rarely changes, the perceptions of drivers in different cross sections are nearly the same and are less dependent on the change of horizontal and vertical alignments.
During construct ACI model, we consider the following several reasons: first, in some traditional regression models, the speed at a given radius, change rate of curvature, and deflection angle of curve are formulated as an ordinary linear model, power model, or exponential model [9, 11, 12] . We referenced these model forms and generalized these models by using a multiple exponential with linearized function to form the horizontal ACI ( ) model. Second, we found speed decreased as grade varied from downhill to uphill. So we analyze the correlation between grade and the vertical ACI using the linear regression firstly [20] . However, in fact, speed varies slightly when the grade is between −2% and 2%, whereas the grade is greater than 3% or less than −3%, and the variation of speed increases with nonlinear function. Moreover, for the positive and negative grade, the corresponding has a different value range. Consequently, the vertical ACI model (see (2) ) is developed based on the improvements of the linear regression equation.
Third, in the findings of Harwood et al. [37] , the regression relationship between speed reduction and cross section is presented. It also suggests cumulative effects on the speed due to variations in lane and shoulder width [17] . On the basis of field investigation, the cross section ACI ( ) model is set up in terms of the width standard of eight-lane highway and the reduction percentage of speed related to cross section width.
Moreover, the challenge in this study is how to integrate the horizontal, vertical, and cross section alignment ACI into a 3D ACI description model. By considering alignment design features, several research findings and the cross section alignment adjustment form mentioned in Highway Capacity Manual 2010 [40] , and the ACI description model is put forward based on the sensitivity to each alignment index.
After repeated trial calculation and parameters calibration, the three-dimensional alignment comprehensive index description function is set up finally. The ACI description model is put forward based on the sensitivity to each alignment index as shown in
The reasons we choose these indicators are shown as follows: First, on the basis of data analysis, we studied the correlation among the single index, operating speed, and traffic safety, including length of tangent, radius of horizontal curve (curvature), curvature rate, curve length deflection Journal of Advanced Transportation 5 angle of horizontal curve, grade, length of vertical grade, and lane width. Then, we selected the indexes which were often used to establish operating speed model in the related achievements at home and aboard. In summary, the indexes which have great influence on operating speed and safety were selected preliminarily.
Secondly, according to the characteristics of road alignment, these indexes can be divided into two categories. One category is the section design index corresponding to the milepost, mainly including radius, curvature rate, curve length deflection angle of horizontal curve, grade, lane number, lane width, and shoulder width. Another category is the indexes along the roadway, such as tangent length, curve length, length of vertical curve length, and spiral length.
The alignment comprehensive index is based on the road section, so the model of ACI mainly considers the first category indexes, and the second category indexes will be selected in the operating speed prediction model.
Determination of Influence
Range. This study emphasizes a continuous speed prediction which is more accurate than other researches on operating speed with a single alignment index. The section speed is selected as objects through discretizing the continuously variable operating speed. Although the alignment comprehensive index and operating speed are divided into points, the operating speed on a certain section is always related to the front and rear alignments within a certain length. The speed of one point is the cumulative result of speed variation on rear alignment that has already traveled. On the other hand, a certain range of alignment ahead decides the driver's expectation of acceleration and deceleration based on the perception of the visual information obtained at the present moment. So the influence range of front and rear alignment on current section speed should be determined.
The visual characteristics of drivers are the most important factor affecting the change in operating speed. The key step to determine the influence range of front alignment is to quantify environmental factors of visual information to a digital index, then using this digital index to analyze the influence of front alignment on operating speed.
Road alignment forms a visual sensitive area in the drivers' view plane, generally known as fixation range [41] , including the invisible region, rear view region, and front view region. Using as the prejudgment of alignment conditions ahead, the front view region is the main influence range of the operating speed. Easa and He [42] showed that driver's visual demand interval was generally approximately 3 s. Therefore, 3 s trip is used as the starting point of the most sensitive position in driving process, which is the nearest point of the front alignment influence. Depending on the speed, driver vision is usually focused further as the speed increase. However, because of the influences of elevation fluctuation and sight distance on curves, the maximum fixation distance on curves may be closer than that on tangents. According to the current China Technical Standard of Highway Engineering (JTG B01-2014) [43] , a certain stopping sight distance on curve segments is specified. When the design speed is 120 km/h, the recommended stopping sight distance is 210 m. Thus, 1.2 times stopping sight distance is adopted as the farthest fixation point of front alignment influence on the basis of general consideration. To take the maximum design speed 120 km/h into account, the influence range of front alignment is determined from 100 m to 250 m.
Operating speed on a current section is the result of cumulative speed change of the rear-traveled sections. The speed differences existing between the front and rear sections are induced by the acceleration and deceleration of a vehicle. Thus, the influence range of rear alignment can be approximately characterized by the acceleration and deceleration distance. According to several previous studies [44, 45] , the deceleration or acceleration rates mainly depend on the radius of the curve and its locations. However, the acceleration and deceleration models using the spot speed data do not reflect driver's actual behavior because the starting and ending points of the speed transition can not be determined a priori. Therefore, the actual acceleration and deceleration rates cannot be accurately obtained. Moreover, the speed transition length depends more on driver characteristic (such as age, gender, purpose of the trip, and distance traveled) than on the alignment transition design [44] .
Thanks to the continuous speed profiles observed for each individual trajectory, 15th and 85th percentile speeds are, respectively, 102 km/h and 123 km/h for car compared to 69 km/h and 81 km/h for truck. Because the probability of occurrence of speed decelerating from 85th percentile to 15th percentile is generally low, it is relatively conservative and safe to consider these speed intervals as the speed differences in deceleration process. Consequently, according to the recommended deceleration of 0.9 m/s 2 for cars and 0.35 m/s 2 for trucks in our project report [46] , the influence range of the rear alignment can be determined as 200 m.
Structure of Prediction Model.
From the given analysis, the operating speed of current section contains the following two parts: 1 and Δ . The initial speed 1 represents the accumulation of operating speed within the 200 m influence range of rear alignment. Δ means acceleration or deceleration according to the alignment features within the effective fixation range from 100 m to 250 m ahead. These two variables are jointed to determine the operating speed of current section, and the relationship can be expressed as
In (5), 1 and Δ are also determined by the accumulated values of ACI of the front and rear influence ranges. However, the influences of front and rear alignment on operating speed are different. Therefore, considering speed superposition principle, this study puts forward the form of speed prediction model as (6) . The criteria used for identifying the prediction performance are based on the highest coefficient 6 Journal of Advanced Transportation of determination 2 , the significance of each predictor, and the logical explanation of the model
where is the operating speed on the current point; ( ) represents the ACI function; ( 250 m) − ( 100 m) is the ACI accumulated value in the influence range of front alignment;
( 200 m) denotes the ACI accumulated value in the influence range of rear alignment; ( 250 m) , ( 100 m) , and ( 200 m) can be calculated using (7), (8) , and (9); , , and are the coefficient; other parameters are introduced before.
Data Collection
Speed data were collected on Shenda Highway (eight-lane in two directions, design speed of 120 km/h), Shenshan Highway (six-lane in two directions, design speed of 120 km/h), and Shendan Highway (four-lane in two directions, design speed of 100 km/h, 80 km/h, and 60 km/h on different sites) for both directions in two time periods: from June to October 2013 and from March to May 2014, to establish prediction model. The testing data set used to validate the proposed model was collected on Taijiu Highway from April to May 2014.
The test sites consists of two types alignment combinations including 158 sections of a sag curve combined with a horizontal curve and 146 sections of a crest curve combined with a horizontal curve. In all cases, there exists a spiral transition between tangent and circular curve. The geometric design data were acquired from road alignment design documents. The data include radius of horizontal curve, deflection angle of horizontal curve, length of horizontal, vertical and spiral curve, grade, length of tangent, lane width, number of lane, shoulder width, and the milepost of each feature points. Table 1 summarizes the main geometric features of the test alignment.
There are several instruments for speed data collection, including Global Positioning System (GPS), radar gun, loop detector, video detection system, and infrared detector. By contrast with the features of each instruments, this study applied GPS devices placed on passenger cars and trucks to obtain the individual continuous operating speed profiles. Drivers were proved to be not biased by the presence of GPS device [32] , and therefore the operating speed data collected in the test were reasonable to reflect the normal driving behavior. GPS also can provide high accuracy of the spatial coordinates with a frequency of 1 Hz. Therefore, it is possible to know the position and calculate the speed of each point.
The passenger cars or trucks which would travel through the observed sections were recruited in toll stations to participant this project. All the participants were informed that speed data would be used only for research purpose; thus they were free to select their speed according to their driving habits.
The experiments were carried out during daytime, offpeak periods, in sunny day, under free-flow conditions which are typically defined as having time headways of at least 5 or 6 s [18, 34] , and on the condition of dry pavements. In the experiment, one test personnel sat in the rear of the car so as to record the nonfree flow conditions (i.e., carfollowing or lane-changing). In the further analysis, all the data influenced by the external factors were discarded in the data processing. More than 340 passenger cars and 287 trucks were investigated at each selected site, ensuring a minimum of 100 speed data of each type vehicle per direction at each point for operating speed estimation.
In order to explore the operating speed prediction models, the following speed data were processed subsequently based on the initial analysis of continuous speed profile of each vehicle and the reference of data collection position proposed by Gibreel et al. [21] :
Journal of Advanced Transportation A Points were 0 m, 50 m, and 100 m on the approach tangent before the beginning of the spiral curve where drivers may change speed but not completely because of the effect of the 3D combination ahead.
B Point was the start point of a horizontal curve where drivers could finish the speed selection from a tangent to transition of a curve.
C Points were the middle point of tangent, spiral curve, and horizontal curve.
D Point was the end point of a horizontal curve and the beginning of spiral curve.
E Points were 0 m, 50 m, and 100 m on the departure tangent after the end of spiral curve where drivers may select speed according to the transition from curve to tangent.
If the length of tangent is short, the processed points were reduced correspondingly. Furthermore, the 3 statistical criterion [2] was used to check the homogeneity distribution around the mean and the maximum deviation of speed distribution equal to 3 . Consequently, speed data from more than 2400 points were measured. Moreover, an important issue is to verify the speed distribution for each type site (i.e., tangent and curve) because it is found that speed distribution differed from the curve to the tangent [11] .
The distribution characteristics of speed data are analyzed based on histogram features of overall frequency of speed sample. Normal, Weibull, Gamma, and Logistic distribution are applied to finish distribution fitting and frequency testing. Normal probability plot is applied to accomplish qualitative test and determine the preliminary distribution form. In Figure 1(a) , the horizontal and vertical coordinates represent the theoretical and the actual cumulative probability, respectively. It can be seen that the data points in the graph coincide with the theoretical diagonal line. Figure 1(b) is the residual plot calculated based on normal distribution. The data are basically distributed over the horizontal line without regular fluctuations. This could be a hint that the data obey normal distribution. After using the Pearson's goodness fit test and Kolmogorov-Smirnov test, the tangents and curves are identified with Normal and Logistic distribution, respectively. Therefore, the operating speed that is 85th percentile speeds measured on 2400 points is available for further calculation.
Results Analysis and Discussion
Parameters Calibration and Sensitivity Analysis.
First, according to the regulations of minimum and maximum radius of curve on highway, the influence weight in (1) is obtained. Second, the parameters in (2) are determined by using the limitations of grade in specification and influence ratio of grade on speed. Third, the coefficients in (3) are also fixed taking the reduction relation between pavement width and speed into consideration.
After repeated trial calculation and parameters calibration, the three-dimensional alignment comprehensive index description function is set up as follows: 
where CA and CD are the cross section alignment function for cars and trucks; the definitions of other parameters are the same as aforementioned. In order to analyze the sensitivity of each index to in the description model, a single key indicator is chosen as a variable. And then the other factors in the 3D ACI model are fixed. Thus, the variation of with the single index can be seen in Figure 2 .
It can be seen from Figure 2 that on curves considerably increases with the increase in curvature. is more sensitive to the curvature between 0.001 and 0.005 (i.e., radius is less than 1000 m). By contrast, has little changes on curves with a curvature less than 0.001 (i.e., the radius is larger than 1000 m). It indicates that horizontal curve with radius of 4000 m or 5000 m already have very slight impact on driving which is close to the effect of tangent. Notably, deflection angle of horizontal curve and width of roadway markedly affects .
Figure 2(d) shows increases as a unilateral parabolic curve with the increase of grade. has very obvious sensitivity to bigger grade because of the higher requirements of vehicle dynamic performance on uphill and acceleration behavior. However, the sensitivity of is relatively weak with the grade ranging from −1% to 1%. In real driving, drivers' perceptions on such slope are usually not obvious.
Meanwhile, in order to further validate the sensitivity of ACI to alignment condition, K63 + 000-K83 + 000 and K63 + 300-K65 + 100 of Shendan Highway are selected to conduct relation analysis (Figures 3(a) and 3(b) ). With (11), (12) , and (13) substituted into (10), the ACI of this section can be obtained by using the actual alignment data.
From Figure 3(a) , it can be seen that each point has different comprehensive index value as the alignment varies. In Figure 3(b) , the number means the alignment combination type (i.e., 1: spiral curve, small grade; 2: spiral curve, small grade; 3: spiral curve, sag curve; 4: circular curve, sag curve; 5: circular curve, tangent grade; 6: circular curve, crest curve; 7: tangent, sag curve; 8: tangent, grade; 9: circular curve, large grade). For example, the road segment K63 + 314-K63 + 474 is located on the spiral curve and grade of 1.467%. The alignment comprehensive index gradually decreases while the curvature tends to be smaller. The segment K64 + 630-K64 + 854 is located on the tangent and crest curve. When grade becomes larger, the alignment comprehensive index increases slowly. Similarly, the segment after K64 + 854 is located on the tangent grade of 2% and the comprehensive index becomes stable and much smaller. It can be concluded that the results comply with consistence of the sensitivity analysis. In addition, we can see that, on the section with larger synthetic index, the variation of cumulative curve is also more obvious. This indicates that the alignment index condition is good. On the contrary, the condition is poor. So the good corresponding relation among the alignment features, ACI, and ACI cumulative value can reflect the difference of alignment condition to a certain extent.
Establishment of Operating Speed Prediction Model.
The alignment comprehensive indices are divided into two categories (i.e., I uphill and other indices and II downhill and other indices) due to the different influence degree of grade in vertical description model on operating speed. Considering the point in integration theory, the cumulative value of the ACI in a certain length range using small spacing as a unit is equal to the integral of ACI in this length range. So during the calculation of the cumulative value of ACI, it can approximately take 1 m as a unit to calculate one ACI value and then to solve the accumulation value in a certain length range. It is worthy noting that the radius value is taken as 3000 on the tangent or on the curve with more than 3000 m radius since it may has little influence on driving behavior. Some operating speed data and the cumulative value of I alignment comprehensive index are shown in Table 2 .
Through the analysis of operating speed variation with alignment index and coefficient calibration, the following operating speed prediction models which best fit the criteria of the regression analysis are established. The predicting speed for cars can be calculated by using (14) and (15) . Accordingly, (16) (14)) for cars as an example are listed at Table 3 and Figure 4 . In [34] , the correlation coefficient 2 between predicted average speed and variables including length of the horizontal curve, radius of the horizontal curve, and local longitudinal grade is 0.63. In [35] , the correlation coefficient 2 between predicted average speed and variables including averaged curvature, average of grade for upgrades, and average of grade for downgrades is 0.625.
2 in this study is about 0.6523, which shows the relationship between ACI and speed is related when the great amount of data processed is taken into account. It is also indicated that the significance of model is good due to significance much smaller than significant level of 0.05. The regression coefficients of the variables in the model are, respectively, 4.949, −0.00013, and −0.000068. This finding illustrates that variables pass the significance test. In addition, the facts that the points on the residual analysis plot distribute on both side of axis and the residual value is located between −2 and 2 present that the regression equation can better reflect the rules. For other models, testing results also demonstrate the effectiveness of proposed method.
In the following section, the results of the proposed prediction models are compared with the models proposed by Morris and Donnell [29] and the speed models recommended in Guidelines for Safety Audit of Highway (GSAH) (JTG/T B05-2004) [47] which is the only national profession standard for operating speed prediction and alignment consistency evaluation in China. Three common criteria are used to evaluate the prediction performance of different models: mean absolute error (MAE), root mean square error (RMSE), and mean absolute relative error (MARE). Moreover, the standard deviation (SD) is also used as the evaluation indicator. The four indicators are defined in (17) , (18) , (19) , and (20):
where is the number of testing points, and denote the actual observed values and mean values of operating speed, respectively, and̂represents the predicting values of operating speed.
To consider different position of operating speed according to the GSAH model and proposed models in this paper, we finally compare the prediction results of three models at 480 points on 3D alignment with length of 12 km. From Table 4 , it is indicated that the estimation errors for other two models which are calculated by using (17) through (20) are generally higher than those for the proposed models. Some comparison results of actual test speed data and prediction data are shown in Figure 5 . Thus, the prediction models introduced in this study obviously outperform the GSAH models and Morris's models for its higher accuracy.
With respect to the consideration of vehicle dynamic properties into the model, operating speed on a current section is the result of cumulative speed change of the reartraveled sections. The speed differences existing between the front and rear sections are induced by the acceleration and deceleration of a vehicle. Thus, the influence range of rear alignment can be approximately characterized by the acceleration and deceleration distance which is related to vehicle dynamic properties. Based on each vehicle trajectory and recommended deceleration rate, the influence range of the rear alignment can be determined as 200 m.
The related researches on how to quantify driver's visual information to a digital index are lacking. The deceleration rate of vehicles in China has significant differences from that in worldwide. At the same time, the influence range of rear alignment is also determined based on data analysis. Thus, we did not discuss more about these two considerations. In the case study, the other two models did not consider the influence of visual characteristics and vehicle dynamics; they just establish the relation between operating speed and alignment indexes. We think that the comparison results may reflect the accuracy of our model with these considerations.
Conclusions
One significant limitation in previous research work on highway alignment design consistency is that the existing operating speed prediction models are established mainly on 2D alignment or single index. Particularly when the road is characterized by different alignment combinations, the models may be inaccurate. Only some feature points, such as the middle point of a horizontal curve or the end point of a grade can be predicted correspondingly. Therefore, the speed variation of passenger cars and trucks along each point of the road is studied using the actual test data and alignment indices.
The achievements of this study are twofold. The first one is the three-dimensional alignment comprehensive index description functions. These functions select curvature, change rate of curvature, curve angle, grade, and lane width as variables rather than a single index. Based on the principle of spatial geometry and the design characteristics of road alignment, the alignment description model is established by taking the horizontal and vertical indices as the primary models and the cross-sectional index as the correction model. The second process is to set up the relationship between alignment comprehensive index and operating speed for continuous prediction. During the establishment of this model, the visual requirement of driver and the different features of acceleration and deceleration of vehicles are also considered. This modeling procedure makes it possible to predict a reliable and continuous operating speed profile at each point along the alignment and to significantly improve the performance of consistency alignment design and safety evaluations. The prediction performance of the proposed model demonstrates its higher accuracy when compared with other models using the actual observed data.
Owing to the test data mainly collected on highways (bidirectional four to eight lanes) in plain area in China, the models reported in the paper can be used to predict continuous operating speed for passenger cars and trucks on the condition of three-dimensional alignment indexes along roadway which can be obtained. However, the models cannot predict the operating speeds in mountainous area or other type roads accurately. Application of the model outside China would require a new calibration based on local speed surveys because of the differences in driver behavior, roadway systems, and vehicle performances. Although design speed and speed limit have effect on operating speed to some extent, these factors are not considered in models. Substantially, highway alignment is a three-dimensional curve in Euclidean space. The interaction mechanism of multiple alignment indices on speed is very complicated. Hence, the methods of alignment comprehensive modeling are required further study. With the development of automotive technology, fusion of data collected from mobile and fixed sensors [48] , and the improvement of road conditions, results of the prediction model may deviate from the actual values; thus, the model can be further examined, updated, and improved. Future efforts should focus on these factors in order to explore more efficient models.
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